Infection of Bacillus subtilis I68Wt by SF 6 resulted in a rapid reduction in the number of phages. This could be counteracted by the addition of calcium, barium or strontium ions. At the optimum concentration of 7"5 × IO -~ M, the number of p.f.u, remained constant until lysis began. Although cultures of another host, B. subtilis 3I try-his-, at the end of the logarithmic growth phase produced a substance which inactivated free phages, this was not the major cause of the reduction in the numbers of p.f.u, during infection experiments at low Ca ~+ concentrations. The diminution of the number of p.f.u, was therefore attributed to the fact that at least one of the steps of the lytic cycle was calcium dependent. Adsorption of SF 6 was equally effective in media containing high or low concentrations of calcium ions. Infection experiments with phages whose DNA had been labelled radioactively revealed that, at high concentrations of calcium ions, the label remained associated with the host cells until lysis commenced. At low concentrations, however, a dissociation between phage DNA and the host was found, although adsorption took place at a normal rate. From these experiments we concluded that a high concentration of calcium ions was required for the penetration of phage DNA. Similar experiments with phages whose protein coat had been labelled showed the same results,indicating that desorption of the inactivated phages occurred. Both electron microscopy and column chromatography with hydroxyapatite showed that a considerable fraction of the inactivated phages had ejected their DNA into the medium. A hypothesis explaining these results is presented.
INTRODUCTION
SF 6, a Bacillus subtilis phage isolated from garden soil (Steensma et al. I974) , was killed by its own host, as indicated by the decrease in p.f.u, during one step growth experiments. Initial tests showed that high concentrations of CaCI~ counteracted this effect. Many other bacteriophages are also known to require divalent cations for productive infection (Adams, I959) . Optimum concentrations ranged from 3 x ~o -4 M to I"8 x iO -~ M and exceeded those necessary for growth of the hosts (Brodetsky & Romig, 1965; Snipes et al. ~974) . Divalent ions have been reported to play a role in each step of the lytic cycle, i.e. phage adsorption (Garen & Puck, I95I; Reese et al. I974) , penetration of nucleic acid (Paranchych, I966; Watanabe & Takesue, I972) and intracellular phage development (Snipes et al. I974) . Phages with a non-contractile tail often require divalent cations for the penetration of nucleic acid, although little is known about this mechanism. We have investigated the effect of calcium ions on the stability ofSF 6 and on the various steps leading to phage production, in order to localize the calcium dependent step or steps.
METHODS
Organisms. Phage SF 6 was isolated from garden soil (Steensma et al. 1974) . The bacterial strains most frequently used in this study are listed in Table I . All strains, except B. subtilis I68/SF 6, were obtained from the bacterial collection of the Delft Laboratory of Microbiology. B. subtilis I68/SF 6 was isolated by plating spores of B. subtilis I68Wt on D.A.L. plates with an excess of SF 6 in the top layer. Single colonies were purified by repeatedly plating on peptone agar and tested for their resistance to SF 6 infection.
Media. Peptone water (PW) contained io g peptone and 5 g NaC1 per litre of tap water, pH 7"3. Peptone agar (PA) and soft peptone agar (SPA) consisted of PW, solidified with 2 ~o and I ~o agar (Difco) respectively. CaC12 and other salts were added after sterilization. RS contained I g (NH4)2SO4, o"I75 g K~HPO4, 0.02 g MnCI~.4H~O, o-I g MgSO4.7H20, 0"5 g tri-sodium citrate. 2H~O and 3 g tris per litre of demineralized water, pH 7"2. After sterilization, 0"5 % separately sterilized glucose was added. RSY was the same as RS except that after sterilization, o-1% yeast extract (Difco), 2o/zg/ml L-histidine and 2o#g/ml L-methionine had been added. RSC contained o'8 g NH4C1, o'I 75 g K2HPO~, o-o2 g MnCl~. 4H20, o'I6 g MgC12.6H20, 0"5 g tri-sodium citrate. 2H20 and 3 g tris per litre of demineralized water, pH 7.2. After sterilization 0. 5 % of separately sterilized glucose was added. Tris buffer consisted of I-2 g tris, o'5 g MgC12 and 22 g KC1 per litre of demineralized water, pH 7"5-Preparation and purification ofSF 6 suspensions. B. subtilis I68Wt was grown in I 1 of PW at 37 °C to a cell concentration of Iog/ml, or until the absorbance had risen by 25o Klett units, usually after 5 to 6 h. The cells were centrifuged and resuspended in the same volume of pre-warmed PW to which CaC12 (7"5 x lO -2 M) and a drop of PPG (polypropylene glycol 2ooo, Baker) were added. After 45 rain, SF 6 was added to give a m.o.i, of I to 5. Lysis generally occurred after 9 o rain. Cells and cell debris were then removed by centrifugation. The phages were concentrated by precipitation with Io % PEG (polyethylene glycol 60o0, Baker; Yamamoto et al. 197o) , followed by CsC1 centrifugation. The collected phage fractions were dialysed against tris buffer. Purified phage suspensions contained approx. 1 o la p.f.u./ml.
When the DNA of the phages was to be labelled, B. subtilis AHM was used as the host. The medium employed was RSY supplemented with io/zg/ml adenine for cell growth and 2o/zCi/ml 8-all-adenine (22 Ci/mmol, Radiochemical Centre, Amersham) during infection with SF 6. Cell and cell debris were removed from the lysate by centrifugation followed by incubation with 5o #g/ml DNase and RNase (Nutritional Biochemicals Corporation) for 3o rain at 37 °C. After dialysis against tris buffer, further purification was performed by column chromatography, using hydroxyapatite (Bio-Gel HTP, Bio Rad Laboratories) and Sepharose 4 B (Pharmacia).
Phage proteins were labelled by growing B. subtilis 168Wt in RSC medium supplemented with 4o #Ci/m135SO42-(Radiochemical Centre) until the absorbance had risen by I2O Klett units. CaCl~ was added to a concentration of 7"5 x io -2 M, and then SF 6 at a m.o.i, of I to 5. Purification of the centrifuged lysate consisted of dialysis against tris buffer and column chromatography using Sepharose 4 B.
Phage assay. The optimum conditions for the plating of SF 6 have been described elsewhere (Steensma, I977) . To 2 ml SPA (45 °C), supplemented with IO -2 M-CaC12, were added IP: 54.70.40.11
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o.25 ml of a suspension of spores of B. subtilis ]68Wt, containing at least ]01° spores/ml, and o'z5 rnl of an appropriate phage dilution. This mixture was poured on to a warm PA plate, which had previously been dried for 45 rain at 65 °C. The plates were incubated at 37 °C for 6 to 24 h. Radioactivity measurements. Samples of 2o to ]ooo/zl in polyethylene 3H or glass (35S) counting bottles were mixed with ]2 ml of a Triton-toluene scintillation fluid, which was prepared by dissolving 5 g PPO (2,5-diphenyloxazole, Merck) and 5o rag DMP [2,2'-pphenylen-bis-(4-methyl-5-phenyloxazole), Merck] in 1 1 toluene, to which o'5 1 Triton X-]oo (BDH Chemicals Ltd) was added. The samples were counted in a Nuclear Chicago Mark II Scintillation Counter. Corrections for quenching were made by means of the channels ratio method.
Infection experiments. Host cells, grown in the appropriate medium to the desired Klett density, were centrifuged and resuspended in pre-warmed fresh medium. Incubation was continued for 3o to 45 rain before SF 6 was added at a m.o.i, ofo-o] to oq. The number of free phages was determined by centrifuging o'5 to ] m! samples for 30 to 6o s in a Jobling Microcentrifuge and plating of the supernatant.
Inactivation o f free phages. Cells of logarithmic growing cultures were removed from the culture fluid by centrifugation or membrane filtration. Phages were added to the supernatant and incubated at 37 °C. Samples were taken at o, 15 and 3o rain and assayed for phages.
Electron microscopy. Preparations for the electron microscope were made by placing a drop of phage suspension on 2oo or 4oo mesh copper grids coated with Formvar. After 3o s the grids were rinsed with distilled water and negatively stained with a 2 % uranyl oxalate solution (Mellema et al. ]967). The preparations were examined in a Philips EM 2o].
The determination of the e.o.p, of SF 6, using latex spheres as a reference, has been described elsewhere (Steensma, ~977) .
DNApreparation. SF 6 DNA was isolated and purified as described for PBS X by Steensma & Sondermeijer (]977).
Transfection. Cells of the recipient, B. subtilis 3 ~ try-his-, were made competent according to the method of Spizizen (2959) and incubated with 200/zg/ml of SF 6 DNA for 5o rain.
Spot tests. A o'o5 ml sample of a purified SF 6 suspension, containing Io 11 p.f.u./ml, was spotted on to a D.A.L. plate with the test organism in the top layer. Clear spots in the bacterial lawn after incubation were considered positive.
RESULTS

Characterization of SF 6
SF 6 is a virulent phage with an icosahedral head, 53 nm in diam., and a flexible, noncontractile tail, ]65 nm long and so nm wide. The tail terminates in a small base plate and occasionally a tail fibre, approx. 35 nm long and 4 nm wide, has been observed. In Fig. I examples of these structures, resembling those of Escherichia coli phage X, are shown. SF 6 has a buoyant density in CsC1 of ].565 g/ml. The nucleic acid of the phage consists of double-stranded DNA with a mol.wt, of 1.5 × xo7 and a GC content of 43 %. The latter value has been derived from both the melting point and buoyant density and was the same as that for the DNA of B. subtilis 168Wt, the most frequently used host, and of Bacillus funicularius. SF 6 formed clear plaques on all the strains listed in Table ] , except B. subtilis ]68/SF 6. Neither plaques nor positive spot tests were obtained on B. subtilis W23 str r and 23 other Bacillus strains belonging to the species B. lentus, B. pulvifaciens, B. aminovorans and the majority of the 22 species of group I, quoted in Bergey's Manual of Determinative Bacteriology (Gibson & Gordon, 1974) . Under optimum conditions, i.e. in PW containing 7"5 × Io-2 M-CaCI2 at 37 °C, we have found an average burst size of 23o and a latent period of 30 min.
Stability o f S F 6
When SF 6 was added to B. subtilis I68Wt or another host (Table 1) , the number ofp.f.u. decreased rapidly. In PW cultures of B. subtilis i68Wt, 98 % of the initial number of p.f.u. was usually lost in IO min. In RS this loss amounted to 8o %. Occasionally a small burst, 4o to 5o min after infection, could be detected; an example is presented in Fig. 2 . This effect was not due to the instability of the free phages. Control experiments showed that SF 6 alone was completely stable in both media during periods exceeding the duration of the infection experiments described and at higher temperatures. For instance, no drop in phage titre was observed during incubation in PW at 45 °C for 9o min.
The p.f.u, and led to a burst. The PW used contained 2. 5 x io -3 M-Ca 2+, as determined by atomic adsorption analysis. In order to determine the optimum calcium concentration for the stabilization of SF 6 in the presence of its hosts, infection experiments were performed in PW with various calcium chloride additions. Samples taken immediately after phage infection (o rain) and at the end of the latent period (30 rain) were assayed for p.f.u. The effect of the calcium chloride concentration on the recovery of the phages is illustrated in Fig. 3 . Complete survival required a final concentration of 7"5 x IO 2 M; a concentration which also resulted in normal phage production, as shown in Fig. z .
Direct action of CaC&
Since the calcium concentration required to obtain normal infection is high compared to most other phage-host systems, we investigated whether the effect of CaCI2 was due to an element contaminating the CaCI~. This was tested by infection experiments in which KC1, MnClz, NiSO4, COC12, FeSOa, FeCI3, H3BOz, A12(SO4)3 and Na~MoO 4 were added to PW in concentrations of 10 -3 and I 0 -a M. These values were chosen because lower concentrations would not exceed those already present in PW and because contaminating elements were not expected to occur in higher concentrations in the CaCI2 used. None of the ions promoted phage production, indicating that the effect of CaC12 could not be ascribed to a contamination by any of the elements tested.
When calcium chloride of different make and purity was used in infection experiments, the same optimum concentration of 7"5 x Io -2 M was necessary for complete survival of SF 6. Moreover, when five other divalent cations, Mg 2+, Sr z+, Ba 2+, Zn z+ and Mn ~+ were tested, Sr z+ and Ba 2+ were found to be equally effective at the same optimum concentration as Ca z+. Mg z+ did promote phage production but a total recovery of phage input was not achieved. Although Zn 2+ stabilized the number of p.f.u, to a large extent, phage production did not occur. Mn 2+ had no influence on the stability of SF 6 in the presence of its host.
As none of the elements tested in low concentrations had any effect on the stability and burst of SF 6 and as the various batches of CaC12, and also the BaCI~ and SrC12, required the same optimum concentration for normal phage production, we regarded it as highly unlikely that an element contaminating the CaC12 was responsible for the stabilizing effect.
Various chemicals, e.g. chelating agents and polyamines (Shafia & Thomson, I964; Reiter, I963) are known to interfere with phage infection, without a direct effect on the phages. Phosphate was found to prevent the formation of plaques by SF 6 (H. Y. Steensma & J. Blok, unpublished data). PW might thus contain an inhibitory substance which is removed in the precipitate frequently occurring on addition of CaC12, or which is inactivated by high concentrations of calcium ions. Infection experiments in RS, a minimal medium of which all components were found to be devoid of inhibitory activity, however, revealed the same requirement for calcium ions as in PW. The presence of an inhibitory substance in peptone was therefore excluded.
From the preceding data it may be concluded that high concentrations of calcium ions were required for normal productive infection by SF 6. We have therefore studied the influence of the concentration of calcium ions on the adsorption of the phages, the penetration of the phage DNA and the intracellular phage development in order to localize the calcium dependent steps. Adsorption
Infection of a host strain by SF 6 at a low calcium concentration resulted in a rapid decrease of infective centres. This could be the result of inactivation of free phages, as suggested by the almost identical decrease of the total phage count and free phages. This is illustrated in Fig. 4 The rate of inactivation was dependent on the growth phase of the culture, reaching a maximum of 8o % inactivation in 3o min at the end of the logarithmic growth phase. This decrease was reduced to about 30 % by the addition of calcium ions (H. Y. Steensma & J. Blok, unpublished results) . As more than 98 % of the p.f.u, was lost in I o min during infection experiments, inactivation of free phages by a substance excreted by the host cells was considered of minor importance and the decrease in the number of free phages in infection experiments was therefore regarded as due mainly to adsorption of the phages on to the host cells. From this it could also be deduced that adsorption did not require high calcium concentrations as in both PW and PW with 7"5 x io -2 M-CaC12, the disappearance of free phages, and hence their adsorption, took place with almost the same efficiency. An example is shown in Fig. 4 -The necessity of irreversible adsorption for phage inactivation at low calcium concentrations was confirmed by the following experiment. An SF 6 resistant mutant of B. subtilis 168Wt, blocked in a step leading to irreversible adsorption, was isolated. During infection experiments with cells of this mutant, which we called B. subtilis I68/SF 6, as the host, the number of free phages decreased to Io % in Io min, slightly less than with other hosts. When the cells and adsorbed phages were removed by centrifugation and resuspended in fresh medium, desorption of the phages took place until equilibrium was reached. No reduction in phage titre was observed, however, indicating that reversible binding of the phages was not sufficient for inactivation of SF 6. Inactivation, therefore, must occur in one of the succeeding steps.
DNA penetration DNA penetration is the next step in the infection process and little is known of the mechanism employed by phages with a non-contractile tail, like SF 6. Since both DNA and teichoic acid, a major part of the cell wall ofB. subtilis, contain negatively charged phosphate groups, calcium ions might be necessary to diminish repulsive forces during a stage of penetration at which a close contact between DNA and the cell wall of the host exists. To study the penetration process, infection experiments were performed with phages whose DNA had been labelled by means of tritiated adenine. Samples of infected cultures of B. subtilis i68Wt in PW and PW with 7"5 × m-2 M-Ca~+ taken at various time intervals were assayed for p.f.u., free phage and radioactivity associated with the host cells. Fig. 5 shows that, at low Ca z+ concentrations, the radioactive label rapidly appeared in a form not associated with the cells, although phage adsorption took place at the normal rate. In cultures supplemented with 7"5 x io -2 M-CaC12, however, the label remained associated with the host cells until lysis commenced (not shown). This meant that, at low calcium concentrations, desorption of the phages in a biologically inactive state took place, or that, while the transfer of the phage DNA was triggered, penetration into the host cell was blocked, thus leading to the release of nucleic acid into the surrounding medium. To distinguish between these possibilities, similar experiments were performed using phages whose protein coat had been labelled with zsS. The partition of the sulphur label showed the same pattern as that obtained with the labelled DNA. From the above results, we concluded that inactivation of SF 6 at low Ca 2+ concentration was due to desorption of the phages in an inactive state. An indication of whether the inactivated phages occurred as a protein-DNA complex or in a dissociated form was obtained from an infection experiment in which a mixture of the 35S-and ZH-labelled phages was employed. The supernatant of this culture was run through a hydroxyapatite column. The majority of the 35S-labelled protein was eluted at a low phosphate concentration, whereas most of the all-labelled DNA was retained. This indicated that many phages were dissociated. Additional support was obtained from the electron microscopical observation of many phage ghosts in cultures infected with SF 6 at a low calcium concentration.
Intracellular phage development
It has been shown that high Ca 2+ concentrations were required for the penetration of phage DNA into the host. This did not exclude the possibility that calcium also played a role in intracellular phage development. However, when cells of B. subtilis I68Wt were infected with SF 6 in PW with 7"5 × lO-2 M-CaC12 and diluted Ioo-fold into PW after 5 min, a normal one step growth curve was obtained. Furthermore, the observation that transfection 
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with SF 6 DNA did not depend on the presence of calcium ions in high concentrations led to the conclusion that these were not required for intracellular phage development.
Efficiency of plating of SF 6
Since calcium ions were found to p!ay an important role in the infection process of SF 6 in liquid medium, a correlation between the plating efficiency of the phages and the calcium concentration in the plating medium could be expected. A suspension of SF 6 was therefore enumerated using D.A.L. plates supplemented with various amounts of CaC12. The phage counts reached a maximum value at a calcium concentration of IO-~M or higher, as is illustrated in Fig. 6 . Electron microscopical determinations, using PA and SPA with a calcium concentration of 7"5 x Io -2 M, showed that the e.o.p, at the plateau level of the phage counts was I oo %.
DISCUSSION
The calcium concentration needed for maximum stability and production of SF 6 was found to be 7"5 x ~o -2 M. Other bacteriophages with a non-contractile tail, including E. coli phage T5 (Luria & Steiner, ~954) , are known to require the presence of calcium or other divalent cations in concentrations exceeding those necessary for good growth of the host cells. To our knowledge no concentrations higher than I-8 x Io -~ M have been reported and therefore SF 6 seems to be unique in this respect. Infection of E. coli by T5 requires calcium ions for DNA penetration (Luria & Steiner, 2954; Lanni, x96o) . SF 6 also has this requirement, but at low concentrations both phage DNA and protein dissociate from the host separately, in contrast to T5. Another remarkable feature of SF 6 is the inactivation of the phage by a substance excreted in the medium by B. subtilis 31 try-his-. Since the inactivation of free and adsorbed phages at low calcium concentrations resulted in the ejection of DNA into the medium, it is likely that the mechanism of both inactivations have aspects in common. An explanation is offered by the following hypothesis for which we assumed that the mechanism of DNA penetration is similar to that for E. coli phage ~ as proposed by Mackay & Bode 0976). This comprised three steps: after a lag, irreversible adsorption is followed by triggering of the DNA release from the phage head and entry of the genome into the host cell. The triggering is temperature dependent and may be due to an alteration of the tail structure, starting at the distal end. In our opinion, high calcium concentrations were required for the firm attachment of SF 6 to its receptor. After triggering of the DNA injection, low calcium concentrations would result in a rupture of the bond between the phage tail and receptor by shearing, by repulsive forces between the DNA and the teichoic acid in the cell wall, by a recoil reaction caused by the initiation of the DNA movement or by a combination of these factors. In the presence of high calcium concentrations, the bond between the phage tail and bacterial receptor is sufficiently strong, thus allowing normal penetration.
Inactivation of free phages in the supernatant orB. subtilis 31 try-his-cultures was, according to our hypothesis, caused by the release of phage receptors or a substance originating from the phage receptors involved in the mechanism of triggering. This inactivation was only partially counteracted by calcium ions, implying that the stabilization of free phages differed from that of adsorbed phages. A similar stabilization by calcium ions against inactivation of Staphylococcus phages by cell wall extracts has been reported (Beige & Seltmann, 2978) .
As a consequence of this hypothesis, conditions with diminished shearing stress would result in an improvement of SF 6 infection at low Ca ~+ concentrations. This was established to some extent, when cultures were not shaken after infection and by using solid medium where the optimum calcium concentrations amounted to io -2 M (e.o.p. experiments).
